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Background
Left ventricular diastolic dysfunction and hypertrophy are common correlates of female cardiac aging and precede heart failure with preserved systolic function. We previously reported that the newly identified G protein-coupled estrogen receptor (GPER) is involved in mediating estrogen's cardioprotective actions against pressure overload and aging. Here we show that GPER is a positive modulator of redox balance in the female heart and GPER deficiency in cardiomyocytes leads to increased oxidative stress, which contributes to the development of left ventricular remodeling and dysfunction.
Translational Significance
Our findings suggest that the cardioprotective effects of GPER include an antioxidant role and that targeted strategies to limit oxidative stress after early noncancerous surgical removal of ovaries or menopause may help limit alterations in cardiac structure and function related to estrogen loss.
INTRODUCTION
Heart failure (HF) affects approximately 3 million American women 1 and its prevalence has been projected to increase by 46% by the end of 2030. 2 Of the 2 types of HF, women are more prone to the development of heart failure with preserved ejection fraction (HFpEF) than men of the same age, 3 which has been attributed, in part, to the loss of estrogenic cardioprotection. Emerging epidemiologic evidence also suggests that early menopause is positively associated with incident HF. 4, 5 These trends highlight the importance of understanding the pathophysiological alterations and molecular mechanisms that precede the development of HF in women upon loss of ovarian estrogens, particularly the development of left ventricle diastolic dysfunction (LVDD), a precursor of HFpEF.
Preclinical evidence shows that ovarian sex hormones, primarily estrogens, are involved in the preservation of cardiac function and structure in the female heart. [6] [7] [8] [9] In various rodent models, including the normal aging Brown Norway £ Fischer344 rat, 10 ,11 the estrogen-sensitive hypertensive mRen2.Lewis rat, [12] [13] [14] [15] [16] [17] and the spontaneously hypertensive rat and its normotensive Wistar Kyoto counterpart, 18, 19 ovariectomized (OVX) leads to LVDD and left ventricular (LV) interstitial or hypertrophic remodeling. Treatment with 17-b estradiol reverses or prevents OVX-induced cardiac dysfunction and remodeling, 13 in part through activation of the G protein-coupled estrogen receptor (GPER). 16, 20 GPER is a membrane-bound receptor that binds the active form of estrogen, estradiol, with high affinity, but signals differently from the canonical estrogen receptors (ERs) (ERa and ERb). We found that GPER activation maintains cardiac structure and function after estrogen loss via antiproliferation effects in cardiac fibroblasts 21 and mast cells, attenuation of cardiac chymase-angiotensin II expression or activity, 22 and modulation of sarcoplasmic reticulum calcium regulatory proteins 10 to limit cardiomyocyte (CM) stiffness. The successful generation of a CM-specific GPER knockout (KO) mouse, which shows impaired cardiac function and increased wall thicknesses with cardiac deactivation of GPER in females, provides a model in which we can examine the exact roles of this membrane ER in conferring cardioprotection. 23 Increased oxidative stress after estrogen loss contributes to the development of LV hypertrophy in postmenopausal women and female OVX rodent models. [24] [25] [26] An increase in mitochondrial reactive oxygen species (ROS) production, specifically hydrogen peroxide (H 2 O 2 ), has been reported in hearts from OVX rats, 27 with ROS reverting to normal levels when OVX rats were treated with estrogen. 28 Moreover, lower heart oxidative damage has been described in gonad-intact female rats compared with male rats, and in aged female rats compared with their younger counterparts, 27 implicating estrogens in the regulation of mitochondrial ROS production. We hypothesize that GPER mediates the inhibitory effects of estrogen on cardiac ROS production, thereby protecting the heart against LV remodeling and dysfunction. Activation of GPER has been shown to decrease oxidative stress in rat arteries, 29 kidney tubular cells, 30 cultured cortical neurons, 31 and CM subjected to doxorubicin toxicity. 32 In the mRen2.Lewis rat heart, we showed that the GPER agonist G1 inhibits OVX-induced increases in cardiac NADPH oxidase 4 (Nox4). 16 To limit mitochondrial oxidative damage, many mitochondria-targeted antioxidants have been developed. The most extensively studied of these is MitoQuinone (phosphonium [10-(4,5-dimethoxy-2-methyl 3,6-dioxo-1,4-cyclohexadien-1-yl)decyl] triphenyl-, mesylate [MitoQ] ), which contains the antioxidant quinone moiety covalently attached to a lipophilic triphenylphosphonium cation. 33 Chronic treatment with MitoQ has been shown to protect against oxidative damage in rat and mouse models of ischemia reperfusion, 34 hypertension, 35 volume and pressure overload, 36, 37 and cocaine-induced cardiac toxicity, 38 as well as in two phase 2 clinical trials. 33 The present study was designed to compare the extent of oxidative stress in hearts of female GPER KO mice vs wild-type (WT) littermates and to examine the ability of MitoQ to ameliorate LV dysfunction and remodeling in GPER KO mice. We also tested the hypothesis that MitoQ treatment reduces cardiac ROS production and limits the genomic response to oxidative stress.
MATERIALS AND METHODS
Animals. CM-specific GPER KO mice were generated in our laboratory, as described previously. 23, 39 GPER f/f/Cre (GPER KO) and GPER f/f littermates (GPER WT) were studied at 7À9 months of age in 2 separate cohorts. In the first cohort, oxidative stress was assessed in the hearts from untreated GPER KO and WT mice (n = 4À5 per group, 9 months of age). In the second cohort, mice received chronic treatment with MitoQ or its inactive comparison compound, (1-decyl)triphenylphosphonium bromide (dTPP), as described further in detail. All mice were housed in a facility approved by the Association for Assessment and Accreditation of Laboratory Animal Care, with a 12-hour light-dark cycle and constant temperature and humidity. Mice had ad libitum access to standard chow (Nestle Purina, St. Louis, Mo) and tap water. Body weight and water intake were monitored regularly throughout the study. At the time of sacrifice, the mice were administered with pentobarbital sodium (Akorn Inc, Lake Forest, Ill; 100 mg/kg body weight) by intraperitoneal injection. Upon verification of deep anesthesia by the absence of response to tail and toe pinches, the chest was opened and the heart was quickly excised and trimmed. Whole heart and LV weights were measured and normalized to body weight. The LV was sectioned transversely from base to apex, and fragments were either snap frozen in liquid nitrogen and stored at ¡80˚C in cryogenic tubes for ribonucleic acid (RNA) extraction or fixed in 4% formaldehyde for paraffinembedded sectioning. All procedures were carried out in accordance with the Guide for the Care and Use of Laboratory Animals, published by National Institutes of Health, and study approval was obtained from the Animal Care and Use Committee of Wake Forest University (protocol # A15-191). GSH is one of the main scavengers of ROS, and its ratio to GSSG is used as a marker of oxidative stress. 42, 43 Flash-frozen cardiac tissue samples were prepared for analysis of GSH and GSSG by extraction with 5% metaphosphoric acid. Using 1 pmol in 1 and 25 mg tissues for GSH and GSSG, respectively, metabolites were resolved by reverse-phase ion pairing high-performance liquid chromatography and were detected and quantified using electrochemical analysis, as previously described. 44 Real-time quantitative polymerase chain reaction (qPCR) analysis of oxidative stress-related gene expression. Oxidative stress-related genes Nox4, prostaglandin-endoperoxide synthase 2 (Ptgs2), glutathione peroxidase 1 (GPX1), sirtuin 3 (Sirt3), uncoupling protein 3 (Ucp3), and glutathione S-transferase kappa 1 (Gstk1) were selected based on the literature, our previous studies, and previous microarray data from CM of GPER KO mice. 23 qPCR was used to detect mRNA levels in the left ventricle as previously described. 16, 23 Total RNA was extracted from LV tissue using the RNeasy Lipid Tissue Mini Kit (Qiagen, Inc, Germantown, Md) and was further purified using RNeasy MinElute Cleanup Kit (Qiagen, Inc) followed by quality assessment on an agarose gel. Complementary firststrand DNA was synthesized using the Omniscript RT kit (Qiagen, Inc). Relative quantification of mRNA levels by qPCR was performed using a SYBR Green PCR kit (Qiagen, Inc). Amplification and detection were performed with the QuantStudio 3 Real-Time PCR system (Applied Biosystems, Foster City, Calif).
Sequence-specific oligonucleotide primers were designed according to published GenBank sequences and confirmed with OligoAnalyzer 3.0. The sequences of the primers used are listed in Supplementary  Table SI . The relative target mRNA levels in each sample were normalized to glyceraldehyde-3-phosphate dehydrogenase. Expression levels are reported relative to the mean value of the control group.
Animal treatment. MitoQ is composed of the antioxidant ubiquinone (CoQ10) linked to dTPP. dTPP is lipophilic, thereby facilitating the movement of MitoQ across the cell membrane and accumulation within the mitochondrial matrix, in response to the membrane potential. 45, 46 Inside the mitochondria, scavenging ROS is achieved through oxidation of MitoQ into its quinone form, which is then recycled back into the active ubiquinol form via action of complex II. 47 In a separate cohort, mice at 7 months of age were randomly assigned to treatment in drinking water with either MitoQ (500 mmol/L; kindly donated by MitoQ Ltd, Auckland, New Zealand) (GPER KO MitoQ-treated mice, n = 9; WT MitoQ-treated mice, n = 7) or the inactive comparison compound dTPP (500 mmol/L) (GPER KO dTPPtreated mice, n = 7; WT dTPP-treated mice, n = 7) for 8 weeks. This dose of MitoQ was chosen as no evidence of toxicity was found when 500 mmol/L was administered to mice in their drinking water for 28 weeks. 48 MitoQ (MitoQ Ltd) and dTPP (MedKoo Biosciences, Morrisville, N Car) were prepared fresh every third day, protected from light, and stored at 4˚C. Although all CM-specific GPER KO mice reach adulthood with no obvious phenotype (eg, exercise tolerance is unaffected at 15 weeks of age), 23 they have a decreased life span of 9 to 10 months because of cardiac failure. After 7 months of age, mutant female mice begin showing consistent echocardiographic signs of LV dilation; thus, we chose to begin the 8-week MitoQ or dTPP treatment at 7 months of age.
In vivo experimental procedures. After 8 weeks of treatment with either MitoQ or dTPP, systolic blood pressure (SBP) was measured by tail-cuff in conscious restrained mice using the CODA 6 system (Kent Scientific Corp, Torrington, Ct), as described previously. 23 LV morphometrics and function were determined at the end of the 8-week treatment protocol using a commercially available echocardiograph equipped with both PureWave 12À4 MHz sector and 15À7 MHz linear transducers (CX50 CompactXtreme System, Philips Medical Systems) by the same investigator (L.G.), who was masked to the experimental groups. In brief, the mice were anesthetized with an isoflurane (1.5%) oxygen mixture by nose cone and were secured in the supine position to a warm (37.5˚C) imaging platform. A commercially available paw sensor (PhysioSuite Monitor, Kent Scientific Corp) was applied for continuous pulse oximetry and heart rate monitoring to gauge the depth of anesthesia and to maintain the animals' safety throughout the procedure. The 15-MHz linear probe was used to obtain 2D-guided, LV M-mode images in the short-axis parasternal view using left ventricular end diastolic dimension (LVEDD) and left ventricular end systolic dimension (LVESD) and posterior wall thickness at end diastole (PWTed) and anterior wall thickness at end diastole (AWTed). The 12-MHz phased-array probe was used to obtain the apical 4-chamber view for transmitral inflow Doppler (early transmitral filling or maximum E-wave velocity) and septal tissue Doppler measurements (early mitral annular velocity [e 0 ]) of diastolic function. Heart rate was determined from 5 consecutive RR intervals from pulsed-Doppler inflow tracings. The fractional shortening (FS) of the LV was expressed as %FS = (LVEDD ¡ LVESD)/LVEDD £ 100. The relative wall thickness was calculated as (PWTed + AWTed)/LVEDD. The early mitral inflow filling velocity-to-early mitral annular velocity ratio, or Doppler-derived filling pressure (E/e 0 ), was used to estimate LV filling pressure and the extent of diastolic dysfunction.
Heart tissue collection and preparation. After 8 weeks of treatment, hearts were collected and LV tissue was prepared for RNA extraction and paraffin-embedded sectioning, as described previously.
Histochemical analysis. For histologic analysis, paraformaldehyde-fixed and paraffin-embedded LV specimens were cut into 5-mm sections and collagen was stained with Picrosirius Red, as previously described. 14, 19 Images were captured using a Nikon Eclipse TE300 Inverted Fluorescence Microscope (Spach Optics Inc, Pittsford, N York). The ratio of collagen-stained pixels to unstained pixels was quantified using NIH ImageJ software (http://rsbweb.nih.gov/ij/). Four animals in each group were used for analysis.
Real-time polymerase chain reaction (PCR) microarray analysis. Total RNA isolation and cDNA synthesis were performed as described earlier for real-time qPCR analysis. Real-time PCR microarray analysis was performed using the mouse oxidative stress and antioxidant defense array kit (Cat. no. PAMM-065; SuperArray Bioscience, Frederick, Md), focusing on gene families relevant to the induction and inhibition of ROS production and genes involved in ROS metabolism. The selected 84-gene set included 3 reverse transcription controls and 3 positive PCR controls, a genomic contamination control, and 5 constitutively expressed housekeeping genes. The assay used a RT2 SYBR Green/Rox PCR master mix (Cat. no. PA-012, SuperArray Bioscience) on a QuantStudio 3 Real-Time PCR system (Applied Biosystems). The integrated web-based software package for the PCR array system automatically performed all comparative threshold cycle (DDC t )-based fold-change calculations from the uploaded data. For these calculations, C t values were normalized based on an automatic selection from a full panel of reference genes. Three mice per group were used for this analysis. A 2-fold or greater change in expression with P 0.05 was considered significant.
Statistical analyses. All results are expressed as mean § standard error of the mean. Data obtained from cohort 1 (WT vs KO) and PCR microarray were analyzed using a 2-tailed Student t test, assuming equal variance. Data obtained from echocardiography, tail-cuff blood pressure, immunoblot, and histopathology involving cohort 2 were evaluated by 2-way analysis of variance to determine the effect of genotype (KO vs WT), treatment (MitoQ vs dTPP), and genotype £ treatment followed by a post hoc Newman-Keuls multiple comparison test. Data were analyzed using the software GraphPad Prism Version 6 (GraphPad Software, Inc, La Jolla, Calif). P < 0.05 was considered statistically significant.
RESULTS
GPER KO mice show elevated cardiac oxidative stress. Evidence for increased cardiac oxidative stress in GPER KO vs WT mice from cohort 1 was determined by immunohistologic and biochemical methods. Assessment of oxidative modification of cell injury using markers of lipid and DNA damage with 4-HNE and 8-oxo-DG, respectively, showed greater damage in hearts from GPER KO mice compared with WT mice (Fig 1, A) . Although cardiac GSH levels in WT and GPER KO mice were not different, GSSG was significantly higher in GPER KO mice, and thus the GSH-to-GSSG ratio was lower compared with WT mice (Fig 1, B) . Cardiac mRNA levels of the oxidative stress-related genes Nox4, Pgts2, and GPX1 increased in GPER KO mice by 4-, 4-, and 1.8-fold, respectively, whereas those in the antioxidant defense genes Sirt3, Ucp3, and Gstk1 decreased by 1.8-, 3.4-, and 2.4-fold, respectively, compared with WT mice (P < 0.05) (Fig 1, C) .
MitoQ improves GPER KO-related declines in LV systolic and diastolic functions. Eight weeks of treatment with MitoQ or dTPP did not affect the activity of the GPER KO or WT mice in cohort 2. Neither genotype nor treatment had an effect on body weight or SBP (Table I ). There were statistically significant interactions between the effects of genotype and treatment on %FS (F(1, 26) = 4.665, P = 0.041), e 0 (F(1, 26) = 6.650, P = 0.016), and E/e 0 (F(1, 26) = 7.335, P = 0.0123). Specifically, GPER KO mice treated with MitoQ exhibited significant improvements in FS, e 0 , and E/e 0 compared with GPER KO mice treated with dTPP (P < 0.05), whereas in WT mice, no differences with respect to treatment were observed (Fig 2) . Consistent with previous reports, 23 these indices of systolic and diastolic functions, including early deceleration time (Table I) , were significantly impaired in GPER KO mice treated with dTPP compared with WT mice treated with dTPP (genotype effect: P < 0.001 for FS, e 0 , and E/e 0 ). Dopplerderived heart rate, transmitral early filling velocity, and M-mode indices of LV chamber and wall dimensions were not significantly affected by genotype or treatment (Table I) . Cardiac oxidative stress in GPER KO mice. A, Representative images of cardiac 4-HNE and 8-oxo-DG staining of the left ventricle from WT and GPER KO mice. B, Cardiac GSH, GSSG, and the GSH-to-GSSG ratio in WT and GPER KO mice. Values are mean § standard error of the mean. *P < 0.05 vs WT. n = 5 per group. C, Cardiac mRNA levels of oxidative stress-related genes in WT and GPER KO mice. Values are mean § standard error of the mean. *P < 0.05, **P < 0.01 vs WT. n = 5 per group. WT, wild type; GPER, G protein-coupled estrogen receptor; GSH, reduced glutathione; KO, knockout; GSSG, oxidized glutathione; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Nox4, NADPH oxidase 4; Ptgs2, prostaglandin-endoperoxide synthase 2; GPX1, glutathione peroxidase 1; Ucp3, uncoupling protein 3; Gstk1, glutathione S-transferase kappa 1; 4-HNE, 4 hydroxynonenal; 8-oxo-DG, 8-hydroxy-2 0 -deoxyguanosine; sirt3, sirtuin 3.
MitoQ decreases heart weight and cardiac collagen deposition in GPER KO mice. MitoQ treatment significantly reduced heart weight-to-body weight in GPER KO mice compared with dTPP-treated GPER KO mice (treatment effect: F(1, 26) = 6.52, P = 0.016) (Fig 3, A) . There was a statistically significant interaction between the effects of genotype and treatment on collagen deposition (F(1, 12) = 15.14, P = 0.002). Notably, this marker of interstitial fibrosis was significantly increased in LV sections of dTPP-treated GPER KO mice compared with either MitoQ-treated GPER KO mice or WT littermates treated with either dTPP or MitoQ (Fig 3, B and C) . Even though MitoQ attenuated the extent of fibrosis in KO hearts, the volume of collagen remained significantly greater compared with WT hearts, irrespective of treatment.
MitoQ decreases 8-oxo-DG, but not 4-HNE, in the left ventricle of GPER KO mice. Consistent with our findings from cohort 1, there were significant effects of genotype on both 8-oxo-DG (F(1, 12) = 114, P < 0.0001) and 4-HNE (F(1, 12) = 51.80, P < 0.0001). ROS staining in GPER KO hearts, irrespective of treatment, was substantially enhanced compared with that in WT-dTPP or WT-MitoQ hearts (Fig 4, AÀD) . MitoQ treatment had a significant impact on cardiac DNA damage, as demonstrated by attenuated 8-oxo-DG staining (treatment effect: F(1, 12) = 13.20, P = 0.003), particularly in GPER KO hearts (P < 0.01; Fig 4, B) . An interaction between genotype and treatment accounted for about 3% of the total variance in this index of cardiac ROS (interaction effect: P = 0.058). Lipid peroxidation, as evidenced by 4-HNE staining intensity, was not affected by MitoQ.
MitoQ ameliorates the effect of GPER KO on oxidative stress-related gene expression. Of the 84 oxidative stress and antioxidant defense genes tested, 10 were differentially expressed in dTPP-treated GPER KO mice compared with dTPP-treated WT littermates (8 overexpressed and 2 underexpressed). Genes that were significantly upregulated in GPER KO mice treated with dTPP included Nox4, Ptgs2, chemokine (C-C motif) ligand 5 (Ccl5), apolipoprotein E (apoE), stearoyl-coenzyme A desaturase 1 (Scd1), vimentin (Vim), neutrophil cytosolic factor 2 (Ncf2), and serine (or cysteine) peptidase inhibitor b1b (Serpinb1). Genes significantly downregulated in GPER KO mice treated with dTPP mice included Ucp3 and Gstk1 (Fig 5, A Abbreviations: AWTed, anterior wall thickness end diastole; dTPP, (1-decyl)triphenylphosphonium bromide; E dec time, early deceleration time; Emax, early transmitral filling velocity; GPER, G protein-coupled estrogen receptor; KO, knockout; LV, left ventricular; LVEDD, left ventricular end diastolic dimension; LVESD, left ventricular end systolic dimension; MitoQ, phosphonium [10-(4,5-dimethoxy-2-methyl 3,6-dioxo-1,4-cyclohexadien-1-yl)decyl] triphenyl-,mesylate; PWTed, posterior wall thickness end diastole; RWT, relative wall thickness; SBP, systolic blood pressure; SEM, standard error of the mean. The groups consisted of wild-type-dTPP (n = 7), GPER KO-dTPP (n = 7), wild type-MitoQ (n = 7), and GPER KO-MitoQ (n = 9). Using a 2-way analysis of variance, significant differences in body weight, SBP, LV structure and function, with respect to treatment (dTPP vs MitoQ), genotype (wild type vs GPER KO), and treatment £ genotype were determined. P values are presented on the right of the table. For convenience, significant difference is indicated in bold.
were decreased up to 4-fold; however, these values did not meet the threshold for significance (Fig 5, A; Supplementary Fig S1, A, and Table SII) . Of the 84 genes, 4 were significantly upregulated in MitoQ-treated GPER KO mice compared with dTPP-treated WT mice, including Ccl5, neutrophil cytosolic factor 1 (Ncf1), apoE, and Scd1, whereas no genes met the criteria of downregulation (Fig 5, B ; Supplementary  Fig S1, B, and Table SII) . MitoQ treatment attenuated the fold change in gene expression by 10%À50% for the 8 genes that were upregulated in GPER KO mice treated with dTPP.
DISCUSSION
The main findings in this study are as follows: (1) 7-month old female GPER KO mice exhibit increased cardiac oxidative stress compared with WT littermates, which can be linked to the LV dysfunction and remodeling already established in this new genetically modified model, 23 and (2) the mitochondria-targeted antioxidant MitoQ limits LV dysfunction and modulates oxidative stress in the hearts of GPER KO mice.
GPER in vascular and renal cells has an important role in blood pressure regulation 49 ; however, the present data and our previous findings suggest that cardiacspecific GPER deletion has no effect on SBP. 23 Although MitoQ might reduce blood pressure in hypertensive models, 35, 50 its administration in the drinking water of GPER KO mice did not overtly lower tail cuff blood pressure, which is consistent with findings in an aged normotensive mouse model. 51 Indeed, it is possible that the use of more invasive measurements may uncover systemic effects of this mitochondria-targeted antioxidant. Taken together, our results suggest that the consequence of cardiac GPER deletion or MitoQ treatment on oxidative stress and cardiac performance is largely independent of peripheral actions.
The decline and cessation of estrogen production from reproductive aging or surgery have been linked to increases in oxidative stress 25, 52 and cardiovascular disease risk. [53] [54] [55] Preclinical studies from our laboratory have shown that chronic activation of GPER confers cardioprotection from remodeling and LVDD in female rodent hearts induced by (1) high salt, 56 (2) OVX-associated exacerbations in systemic and pulmonary arterial hypertension, and (3) normal aging, without eliciting a uterotrophic response. 10, 16, 57 As this is an important distinction from the unfavorable side effects seen in classic ER agonism with postmenopausal hormone replacement therapy, 58, 59 GPER becomes an appealing target for enhancing the cardiac structural and lusitropic benefits of estrogen. To determine the exact roles of GPER in the heart and to emulate GPER inactivation that occurs upon estrogen loss, we developed the CM-specific GPER KO mouse model, which shows significant evidence of LV remodeling and HF. As an extension of our previous work, 23 the present study showed that LV dysfunction and hypertrophy in GPER KO arise with concomitant increases in cardiac ROS production and oxidative stress, as evidenced by increases in 8-oxo-DG staining and reductions in the GSH-to-GSSG ratio. Immunohistochemical evidence of increased ROS in GPER KO mice was attenuated by treatment with MitoQ. In addition, MitoQ attenuated the genomic response to oxidative stress and enhanced gene expression levels to .650, P = 0.016), and E/e 0 (F(1, 26) = 7.335, P = 0.0123) were observed. Post hoc multiple comparisons showed that KO-dTPP mice had significantly reduced systolic function (reduced FS) and impaired diastolic function (reduced e 0 and increased E/e 0 ) compared with WT mice treated with either dTPP or MitoQ and KO-MitoQ mice. There were no differences between WT mice treated with dTPP or MitoQ. Values are mean § standard error of the mean. *P < 0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001. n = 7À9 per group. FS, fractional shortening; WT, wild type; KO, knockout; MitoQ, phosphonium [10-(4,5-dimethoxy-2-methyl 3,6-dioxo-1,4-cyclohexadien-1-yl)decyl] triphenyl-,mesylate; e 0 , early mitral annular velocity; E/ e 0 , Doppler-derived filling pressure; dTPP, (1-decyl)triphenylphosphonium bromide.
antioxidant defense from cardiac GPER deficiency, suggesting a critical linkage of oxidative stress to cardiac GPER deactivation that occurs with estrogen loss. MitoQ is the most highly studied antioxidant and has been shown to protect against cardiac function loss, as well as tissue and mitochondrial damage, in response to ischemia reperfusion, 34 hypertension, 35 volume overload, 36 and cocaine-induced cardiac toxicity, 38 in experimental animal models. In our study, MitoQ treatment decreased biomarkers of DNA oxidation in KO hearts, indicating that mitochondrial ROS production contributes to the pathogenesis of LV dysfunction in the GPER KO mouse model. 23 This is further supported by the relative reduction in many oxidative metabolism response genes and the increase in antioxidant genes, compared with GPER KO mice treated with the inactive lipophilic dTPP compound.
Our results suggest that estrogen-mediated mitochondrial-antioxidant actions occur through GPER.
Bopassa et al 60 previously showed that G1 inhibits mitochondrial permeability transition pore opening in mouse hearts subjected to ischemia-reperfusion injury, and Sbert-Roig et al 61 recently showed that in H9c2 CMs, G1 mimics the effects of estradiol in enhancing mitochondrial biogenesis, which can be blocked by the GPER antagonist G15. Our findings that MitoQ limits the extent of LV remodeling, measures of HF, and oxidative damage in GPER KO hearts support an antioxidant defense role for cardiac GPER.
An imbalance between the production of ROS and the detoxification of reactive intermediates, such as peroxides and free radicals, can be damaging to proteins, lipids, and nucleic acids, increasing local oxidative stress. Indeed, mitochondrial dysfunction leading to ROS accumulation is among the emerging CM-centric targets for the treatment of HFpEF 62 and cellular targets for other female sex-specific pathologies. Despite the growing interest in the role of oxidant A 2-way analysis of variance was conducted to examine the effect of genotype and treatment on HW and body weight. There was a significant treatment effect (F(1, 26) = 6.52, P = 0.016), with MitoQ significantly reducing HW normalized to body weight, specifically in KO mice (P < 0.05). Although there was no overall difference in HW with respect to genotype (genotype effect: F(1, 26) = 0.468), WT-MitoQ hearts normalized to body weight were lower compared with KO-dTPP (P < 0.05). Values are mean § standard error of the mean. *P < 0.05. n = 7À9 per group. B, Representative images of Picrosirius Red staining of left ventricle tissue from WT and GPER KO mice treated with either MitoQ or dTPP. C, Collagen deposition in the left ventricle was quantified using ImageJ software. Two-way analysis of variance revealed a significant genotype £ treatment effect (F(1, 12) = 15.14, P = 0.002), with collagen deposition in KO-MitoQ hearts significantly lower compared with KO-dTPP hearts (P < 0.01). As expected, the mitochondria-targeted antioxidant had no effect on interstitial collagen deposition in WT hearts, although WT hearts, irrespective of treatment, exhibited less collagen than KO-dTPP or KO-MitoQ. Values are mean § standard error of the mean. **P < 0.01; ****P < 0.0001. n = 4 per group. HW, heart weight; WT, wild type; KO, knockout; MitoQ, phosphonium [10-(4,5-dimethoxy-2-methyl 3,6-dioxo-1,4-cyclohexadien-1-yl)decyl] triphenyl-,mesylate; GPER, G protein-coupled estrogen receptor; dTPP, (1-decyl)triphenylphosphonium bromide. (Color version of figure is available online.) stress in the progression of female sex-specific heart disease, the ERs and pathways that contribute to oxidative damage in the estrogen-deficient cardiovascular system remain unclear. Steagall et al 63 recently showed an ERa-dependent restoration of catalase and superoxide dismutase activities and a reduction of ROS in the myocardium of OVX rats, whereas selective ERb or GPER activation produced opposite effects. A study by Kararigas et al 64 using the ERb KO mouse found that ERb was necessary for the decrease in expression of cardiac genes involved in oxidative phosphorylation in response to pressure overload. In vascular tissue, the 2 classical ER subtypes differentially regulate genes involved in ROS production, with the ERb pathway reducing expression of ROS-generating activities (eg, electron transport complex subunits) and the ERa pathway enhancing gene expression within antioxidant systems and reducing expression of genes involved in ROS-generating processes. 65 Intriguingly, whole-body genetic deletion of GPER in mice reduced oxidative stress to slow vascular aging in mice by reducing NADPH oxidase expression, 66 whereas selective GPER activation with its agonist G1 attenuated saltinduced aortic remodeling in part by reducing oxidative stress in gonad-intact hypertensive mRen2.Lewis rats. 29 Our PCR array analysis identified distinct transcriptional profiles of several key genes and gene families involved in oxidative stress and antioxidant defense in the female GPER KO mouse heart that correlate with LV dysfunction and hypertrophy.
Nox4 was the most significantly upregulated gene identified by the PCR array, with a 12-fold increase in expression in the GPER KO heart vs WT heart. Nox4 is a member of a flavoenzyme family that reduces molecular oxygen to superoxide, which can be further converted to H 2 O 2 . Additional genes involved in superoxide metabolism, Scd1 and Ncf2, were upregulated in the hearts of GPER KO mice compared with WT mice. Scd1, a key enzyme in fatty acid metabolism, has been implicated in the modulation of cell inflammation and stress, 67 whereas Ncf2 encodes a cytosolic protein that is a component of the NADPH oxidase complex. Ptgs2, also known as cyclooxygenase 2, was overexpressed 6-fold in GPER KO mice vs WT mice. It is a key enzyme in prostaglandin biosynthesis, functioning both as a dioxygenase and as a peroxidase, and has been shown to play a role in inflammatory processes associated with cardiac hypertrophy and HF. 68 Ccl5 was also significantly upregulated in GPER KO hearts; chemokine Ccl5/RANTES (regulated on activation, normal T cell expressed and secreted) is involved in the recruitment of several inflammatory cell subsets to inflammatory sites, including monocytes, neutrophils, dendritic cells, and lymphocytes. 69 Oxidant stressmediated enhancement of gene expression of apoE may reflect an attempt to counteract inflammation in the GPER KO model. Moreover, upregulation of Serpinb1 in GPER KO hearts could signify a defense mechanism against cellular damage. Serpinb1 encodes EIA in mice, which inhibits neutrophil elastases, cathepsin G, proteinase-3, and chymotrypsin, similar to that of the human gene MNEI (monocyte neutrophil elastase inhibitor). Taken together, these data support a generalized higher level of oxidative stress in the hearts of GPER KO mice.
In addition to genomic alterations among key ROS producers, we detected a downregulation of genes specific to cellular antioxidant defense in GPER KO hearts: Gstk1 and Ucp3. Gstk1 encodes a member of the kappa class of the glutathione transferase superfamily of enzymes, which function in cellular detoxification and are localized in mitochondria and peroxisomes. Downregulation of Gstk1 has recently been linked to hypertrophic cardiomyopathy, 70 which may be relevant in terms of the oxidative stress, lipid peroxidation, and LV dysfunction observed in GPER KO hearts. The downregulation of Ucp3 could have important implications for protection against ROSinduced cellular damage. Normally, activation of Ucp3 leads to mild uncoupling that aids in lowering the proton-motive force across the inner mitochondrial membrane, thereby attenuating mitochondrial production of free radicals and protecting against oxidative damage.
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In addition to changes in the expression of Ucp3, we observed a modest, yet significant, 1.6-fold downregulation in the gene encoding superoxide dismutase 2 (Sod2) (see Supplementary Table SII) . This is an important mitochondrial antioxidant enzyme that catalyzes the dismutation or the partition of superoxide Gstk1, glutathione S-transferase kappa 1; Ucp3, uncoupling protein 3; GPX, glutathione peroxidase; Sod2, superoxide dismutase 2; Scd1, stearoyl-coenzyme A desaturase 1; Vim, vimentin; apoE, apolipoprotein E; Serpinb1, serine (or cysteine) peptidase inhibitor b1b; Ncf2, neutrophil cytosolic factor 2; Ccl5, ligand 5; Nox4, NADPH oxidase 4; Ptgs2, prostaglandin-endoperoxide synthase 2; GPER, G protein-coupled estrogen receptor; dTPP, (1-decyl)triphenylphosphonium bromide.
anions produced by the respiratory chain into H 2 O 2 , which is then catalyzed to H 2 O by catalase, peroxiredoxins, or GPX. Downregulation of Sod2 in GPER KO hearts suggests impaired antioxidant defense, leading to increased oxidative stress that may cause oxidative damage and LV dysfunction. Except for GPX7, the majority of genes in the glutathione peroxidase family, which encodes enzymes that catalyze the reduction of H 2 O 2 and organic hydroperoxides, were not consistently affected by the loss of GPER. GPX7, however, was significantly upregulated 1.9-fold in GPER KO mice, suggesting a compensatory response triggered by the increased cardiac ROS. Taken together, the changes observed in oxidative response and antioxidant defense genes in hearts of GPER deficient mice support a potential role for GPER in the maintenance of local redox balance. The molecular mechanisms responsible for GPER deficiency-associated gene changes in oxidative metabolism and defense are not clear, but given that the actions of GPER are primarily nongenomic, 72, 73 it is likely these effects are secondary to LV functional derangements due to GPER KO rather than a direct effect on gene transcription.
The clinical implications of the present study are important, considering that the underlying etiology of female sex-specific heart disease, and specifically HF, remains unclear and there are no proven pharmacotherapies to halt disease progression after natural or surgically induced cessation of ovarian hormone production. Based on the present findings, MitoQ or other mitochondria-targeted antioxidants might be a potential treatment to offset estrogen loss and GPER deactivation-related heart disease in postmenopausal women. However, we also realize the limitations of the present study. Although we demonstrated that CM GPER deletion impairs heart structure and function and that these effects can be attenuated by MitoQ, it remains to be determined whether GPER activation alone or in combination with MitoQ might have equal or even more advantageous antioxidant effects in this model. Also, ROS itself can act as a subcellular messenger in gene regulatory and signal transduction pathways. Oxidative stress in various cell model systems affects gene expression of ERa and ERb differently, and their effects can be blocked by antioxidants. 74 How cardiac oxidative stress and MitoQ influence GPER expression and activity is not known and will require further investigation.
In summary, our data show that loss of GPER in the CM of female mice leads to increased oxidative stress, which may account for declines in LV function, interstitial remodeling, and hypertrophy. Moreover, MitoQ treatment limited the extent of oxidative damage (8-oxo-DG), modulated the genomic response to oxidative stress, suppressed collagen deposition, and improved LV systolic and diastolic functions in CM-specific GPER KO mice. Although the mitochondrial respiratory chain is the primary source of ROS formation, oxidative stress can also occur via xanthine oxidases, reduced nicotinamide adenine dinucleotide phosphate oxidases, and uncoupling of nitric oxide synthases. Accordingly, future studies will focus on GPER-mediated cellular and subcellular mechanisms that counterbalance aberrations in either mitochondrial function or antioxidant systems after ovarian estrogen loss. These studies may reveal new targets for cardiac-specific therapeutics to limit oxidative stress and to slow the progression of LVDD and the development of LV hypertrophy in aging women.
